Abstract-Generally, sliding-mode controllers have to be modified to achieve a constant switching frequency or at least to have an upper limit for it. A family of sliding-mode controllers easy to implement is proposed in this paper. If a controller has the form specified in this paper then it can be implemented using a pulse-width modulator assuring a constant switching frequency, without requiring the control to be modified. The control structure proposed is shown to be feasible by presenting a controller for the boost converter as an example. Simulations and experimental results show that the controller structure proposed has the usual high performance and robustness of sliding-mode controllers. In addition, it has the very convenient features of constant switching frequency and easy implementation.
I. INTRODUCTION
Sliding-mode control (SMC) has been proven to be effective in a wide range of practical control problems with nonlinear complex dynamics [1] . Such a success is mainly due to the relatively simple design procedure, the good controlled system performance, in addition to the robustness under input perturbations and variations of system dynamic properties.
The key feature of a system exhibiting sliding modes is its discontinuous nature. The sliding motion can be either intrinsic to the system or be introduced in it by means of a discontinuous control. SMC is particularly appropriate for power electronics systems because these are intrinsically discontinuous. This fact has attracted the interest of many power electronics engineers, who have applied SMC to power converters.
SMC design process gives an expression for the switch position in power converters. In the ideal case, the switching frequency is infinity, which obviously can not be achieved. Nevertheless, the higher the switching frequency is, the better the approximation to an ideal sliding mode is. However, due to the characteristics of the actual switch, an upper limit for this switching frequency must be imposed. In many applications, having a constant switching frequency is desirable, but sometimes is mandatory. Due to this fact, methods to limit the switching frequency have been proposed. In Section II, where the SMC design procedure is revisited, these methods are commented.
The problem of achieving a constant switching frequency has been addressed in several works [2] - [8] . Most of these solutions are based on a relation between the SMC and average control. Such a relation arises from the physical meaning of the equivalent control associated with a SMC. This relation is examined in Section II. A different viewpoint of the SMCaverage-control relation is the basis for the class of controllers proposed in this paper given in Section III.
It can be said that, until now, the SMC design for power converters is divided into two steps. First, to design an ideal SMC. Second, to modify it in order to be implemented with a constant switching frequency, or at least with an upper limit in the switching frequency.
In this paper, a class of sliding surfaces that can be easily implemented is proposed in Section III. This class of SMC can be implemented using a pulse-width modulator (PWM) and, hence, with a constant switching frequency. Thus, the designer will know that as long as the SMC has a certain structure, its implementation is straightforward without requiring the control law to be modified.
In Section IV, an example of a controller pertaining to the class proposed in Section III is presented. Simulations and experimental results given for this example show that the controller is easily implemented and yet is robust under load and input voltage variations. Conclusions and future work are given in the last section.
II. RELATION BETWEEN SLIDING-MODE CONTROLLERS AND AVERAGE CONTROLLERS IN POWER ELECTRONICS
Power converters can be modeled as:
where x ∈ R n is the system state vector, and it usually consists of inductor currents and capacitor voltages. f and g are continuous vector fields and u ∈ {0, 1} is the switch position which makes the system discontinuous. The result of a SMC design procedure is a controller that determines the switch position. Generally, it has the form,
Since sliding-mode controllers are intrinsically discontinuous, it is natural to use the discontinuous model for designing these controllers.
If a sliding-mode controller works then, at some time, the system trajectory will evolve on the surface σ = 0. When this happens, the system trajectory is described by,
where u eq , addressed as the equivalent control, is the solution for u of the equationσ = 0. Dynamics described by (3) is valid just in the ideal case of infinity switching frequency. In the more practical case of having a high but limited switching frequency, the system trajectory does not evolve on the surface σ = 0 but in a boundary layer [9] . In this case, (3) can be written as,ẋ
wherex is the average of x.
Controller (2) can not be implemented directly because, in this case, the frequency will operate in free run, just limited by physical constraints of the switch element. To have a good efficiency and to protect the switch element, among other practical considerations, the switching frequency must be assured to have an upper limit. To this end, an hysteresis band could be used in (2) instead of the sign of σ . Alternatively, the switch could be assured to be in on (off)-mode for a constant time and modulate the on (off)-time. In some applications, it is highly convenient, and even mandatory, to have a constant switching frequency. The hysteresis band and constant ontime can only lead to a constant switching frequency in the stationary state.
On the other hand, average control is based on the model
wherex is the average system state vector, which consists of the average of inductor currents and capacitors voltages; f and g are the same continuous vector fields than those appeared in (1); d ∈ [0, 1] is the duty cycle. The average-controller design process yields to an expression for the duty cycle,
This signal must be passed through a PWM to do the actual switching. In [9] , it is proven that u eq is the average of u. Hence, the performance of a sliding-mode controller u should be like the performance of an average controller d provided that u eq = d. This idea is proven in [10] . Consequently, it is posible to design a sliding-mode controller like (2) and implement it with a PWM by making d = u eq . In this way, a constant switching frequency is achieved (see Fig. 1 ). This idea is the basis of several works [3] , [6] , [8] , [11] , [12] . The problem is that the implementation of u eq is usually far more difficult than σ . By using the equivalence between u eq and d, an alternative method to simplify the sliding-mode controller implementation is proposed in [8] . Instead of using a PWM in order to achieve (6) , it could be assured that Den(x)u eq = Num(x), and therefore, the necessity of a divisor will be eliminated. However, for this purpose, it is necessary that the PWM has a sawtooth with variable amplitude. All these works part from σ and find a way to implement it. In the next section, it is found what is the sliding surface associated with an equivalent control u eq obtained in the process of doing this surface a class of easy-to-implement sliding surfaces. From (6), it can be written Num(x) = Den(x)d, that is, Num(x) − Den(x)d = 0. The last equation can be written as Num(x) − Den(x)u eq = 0. Since u eq is the solution for u oḟ σ (x,t) = 0, it can be said that,
where k a is a constant. Therefore, from (7),
where k b is also a constant. Note that u eq is the same, independently of k a and k b values. It has been shown in this way that: if an average controller d given by (6) corresponds to an equivalent control associated with a sliding-mode controller then the sliding surface is given by (8) .
Let rename φ (x) = Num(x) and set Den(x) = 1. Hence, (8) becomes
This is an interesting case, because a sliding surface of the form (9) can be easily implemented with a PWM just making d = φ (x) (see Fig. 1 ). Therefore, sliding-mode controllers of the form (2,9) are easy to implement with constant switching frequency.
Note that what has been proposed is a structure for sliding surfaces that can be easily implemented with a constant switching frequency via a PWM. For every application, the designer must propose φ and make sure that σ in (9) is indeed a sliding surface, that is, that all the conditions for a sliding mode to exist are accomplished.
In the next section, an example of sliding surfaces of this form is proposed for the boost converter.
IV. EXAMPLE: A SLIDING-MODE CONTROL FOR THE
BOOST CONVERTER Figure 2 shows a simplified diagram of the boost converter. The circuit objective is to keep a desired constant output voltage regardless of the input voltage and load variations. From the diagram, a linear model can be obtained for each switch position. Combining both models into a single one, the following system is obtained,
where x 1 and x 2 are the inductor current and the capacitor (output) voltage, respectively. u is a binary variable, u ∈ {0, 1}, which defines the switch position and plays the role of the control input. The inductor L, the capacitor C, and the source voltage V in are supposed to be known constants. The resistance R is unknown, but is considered to be constant for analysis purposes. (11) and the switching policy (2) is proposed. The constants G, k p and k i are design parameters of the controller that have to be adjusted to ensure the conditions for a sliding mode to exist. The sliding surface (11) has the form (9) with k a = 1, k b = 0 and,
L V in R u(t)
Hence, controller (2,9) can be implemented by means of a PWM making d = φ (x).
The expressión φ (x) defines a sliding surface by itself, that means that the controller
is also a sliding-mode controller for system (10) . This was proposed in [13] and shown to be also useful for the boost inverter in [14] . The heuristic idea behind proposing φ as in (12) is the following one: when the system enters in a sliding motion then σ = 0, henceσ = 0, and φ − u = 0. In the stationary state u =ū, withū constant. In this case, φ −ū = 0. This is the condition pursued by the controller proposed in [13] . To illustrate that the controller (2,11) indeed can be implemented using a PWM, the system was simulated in the two forms depicted in Fig. 1 . The parameters of the boost converter employed are shown in Table I . Figure 3 shows the system performance when the controller (2,11) is implemented using an hysteresis band to limit the switching frequency as in Fig. 1(a) . To show the robustness of the controller, a sudden load change is introduced at t = 20mS and at t = 40mS. It can be seen that the controller is highly robust under load variations. Figure 4 shows a simulation of the system with the same controller but this time, it was implemented like the scheme of Fig. 1(b) , that is, using a PWM and making d = φ (x). The Simulation of system (10) with the controller (2,11) using an hysteresis band to limit the switching frequency. Top: Output voltage. Bottom: Inductor current switching frequency was set to 50KHz. It can be seen that both alternatives of implementing the controller have a similar performance. However, the PWM implementation is easier and has the great advantage of having a constant switching frequency. In spite of its apparent complexity, the sliding-mode controller (2, 9, 12) can be implemented by means of the circuit depicted in Fig. 5 . The circuit is rather simple because all signals operations involved in (12) can be carried out with operational amplifiers except the term V in − ux 2 , where a multiplier is apparently needed. However, it can be noticed from Fig. 2 that the term V in − ux 2 actually is the voltage across the inductor. This observation simplifies the circuit. As it is shown in the diagram, the controller only needs the output reference V re f , the output voltage x 2 and the voltage across the inductor.
The controller has been experimentally evaluated using a PWM and the results are depicted in Figs. 6 and 7. In  Fig. 6 , the reference is suddenly changed from 0 to 20V. The output voltage follows this change reasonably fast. The system performance under periodic load variations between open circuit (no load) and 25Ω is shown in Fig. 7 . Note that variations on the output voltage are very small and after the load changes it returns to its desired value. As it is expected, the inductor current does depend on the load. These experimental results confirm the robustness of the controller, this characteristic was previously observed in simulations.
V. CONCLUSIONS
By examining the relation between average control and sliding-mode control, a class of easy-to-implement slidingmode controllers has been proposed in this paper. Since the controllers belonging to this class can be implemented using a pulse-width modulator, they have a constant switching frequency. To show the feasibility of controllers having the structure proposed, an example of a controller of this type for the boost converter has been given. This example shows that the controllers proposed in this paper have the usual high performance and robustness under large parameters variations of sliding-mode controllers. In addition, they have a constant switching frequency and are easy to implement keeping the overall circuit reliability.
To obtain the desired control structure, the sliding surface used in the example has been built using a sliding-mode controller previously proposed. In some sense, it could be 
